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WAVE FORM VARIATIONS OF A LONG-DISTANCE LINE.

BY GEORGE H. ROWE.

The map, Fig. 5, shows the lines of the Standard Electric
Company's system on which the following oscillographic curves
were taken. At the head of the system, Electra, the power-
house contains five 2000-kw. three-phase generators of the S.K.C.
inductor type, each giving 2200 volts at 60 cycles per sec. These
generators are supposed to have an inherent regulation of 3%o
on full non-inductive load, and 15.5%o on full kilovolt-armpere
load, 70%0 power-factor. The normal exciting current for full
load, 100%7o power-factor. is 150 amperes at 2200 volts, with a
limiting field-current of 250 amperes.
The Bay Circuit shown on Fig. 5 is fed from two banks of

three transformers each, both high- and low-pressure circuits of
which are L-connected. The ratio of transformation is 16.4,
and therefore the line pressure is above or below 36 000, depend-
ing on the load and power-factor of the system. Bcsides the
Bay Circuit, several mining circuits extend to neighboring
mining camps in Ammador and Calaveras counties. The m-ax-
imum length of these is about 30 miles. They are operated inde-
pendently of the Bay Circuit at about 17 000 volts. The Bay
Circuit lines, consisting of aluminum cables, extend to San Jos6,
a distance of 113.6 miles; to Oakland by way of Mission San Jose,
a distance of 128.8 miles, and to San Francisco by way of Alviso
a distance of 153 miles. The calculated charging current of the
system at 40 000 volts is about 30.3 amperes on the assumption
of a sine wave. From the generators this would mean 500 am-
peres line current.

In Fig. 6 will be found curves of observations taken on January
16, 1904, at Electra. The power curve is derived from 15-min-
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ute readings of the integrating wattmeters and is probablv
considerably in error, both on account of the manner of taking
and on account of the large leading current.

It is difficult to give an accurate idea concerning the nature
of the load. At Stockton are two 150-kw. synchronous motor-
generator sets. The San Jose division contains one 250-kw. and
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street railway and general power work, the generators being
operated in parallel with a storage-battery. The direct-current
motors range in size from 0.5 to 20 horse power and aggre-
gate about 500 horse power. There are also induction motors
operating from the lighting circuits, ranging in size from one to
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75 horse power, ar I aggregating about 300 horse power. The
total peak supplied to the San Jos6 sub-station is about 1000
kilowatts.
The San Mateo division is operated from the sub-station at

Redwood. Distribution is made at 6000 volts, two-phase, to

ST OR ELE.T>Cs'SiE

FIG. 5.

neighboring small towns. Induction motors in this division
range in size from one to thirty horse power, and aggregate about
500 horse power, constituting chiefly a day load. The maximum
load supplied to the station occurs between the hours of five and
nine p. m., giving a peak of about 400 kilowatts.
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At the San Francisco sub-station, the low-tension circuits are
Y. connected with the neutral grounded, and supply power at
4000 volts between lines to station B, and to station C of the
San Francisco Gas and Electric Company. At station C are two
500-kw. synchronous motor-generator sets, and at station B
there is one 400-kw. synchronous motor-generator set. Station
_B also contains two 1200-kw. and one 600-kw. G. E. revolving-
fiield generators, one or more of whichi were operated in parallel
eduring these tests with the Standard system, being thrown in
at aoout 5 30 p. m. and off at about 10 30 p. m. The peak was
about 2000 'kilowatts. These were the conditions during the
tests. Since the consolidation of thle Standard and Bay Counties
systems, the above description does not hold.
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The instrument with which the following tests were made was
the well known Blondel oscillograph. Briefly, it consists of two
thin strips of soft iro.n stretched vertically between the poles of
a powerful permanent magnet. Very small mirrors are attached
to these strips, and each strip and mirror is placed in a tube
containing glycerine or vaseline oil. The natural frequency of
the instrument as given by the maker is about 1000 cycles per sec.
About each of the mirrors as centers, two bobbins or coils serve
to produce fields, one proportional to the current, and the other
proportional to the electromotive force. The current coil re-
quired about 10 amperes to produce a convenient deflection on
the plate, and the electromotive force about 0.333 ampere. A
diagram through a vertical section of the instrument is shown
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in Fig. 7. Light from the arc A passes through the slits S,
through the small lens L in the oil tube to the mirror M, then
through the cylindrical lens C to the vibrating mirror V and
thence to the ground-glass screen or photographic plate D G.
The mirror V vibrates so as to produce motion of translation of
the point of light from D to G, the vibration being produced by
the cam K operated by means of a small synchronous motor P.
The apparatus is equipped with an electrical shutter which cuts
off the return curve from G to D and further allows the taking of
photographs.
The apparatus was connected in the following tests as in Fig.

8. A non-inductive resistance R consisting of incandescent
lamps was placed in series w-ith the pressure coil, and the current
coil was shunted across the non-inductive resistance R' through
the serieg resistance R".
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FIG. 7.

This apparatus was tried on generators of known wave form,
on non-inductive loads, on leading and lagging currents supplied
to a synchronous converter, and found to give consistent results.

During November 1903, a large number of observations was
made at Stanford University of the electromotive force waves
from the lines of the Standard company, which supplies the
university with light and power. It soon became apparent that
the wave form varied considerably, the distortion varying ap-
parently with the time of day, and hence probably with the load.
On Saturday November 28th, negatives were made at ap-

proximately 30-minute intervals, beginning at 3 00 p. m. and
ending at 12 30 a. m. on Nov. 29th. Tracings of these waves

are shown in Fig. 3, the time of taking being given at the left of
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each curve. They were taken across the terminals of one of two
transformers arranged to supply a 120-volt, two-phase syn-
chronous converter, the synchronous converter being discon-
nected. The electromotive force varied between the limits of
88 and 103 volts during the test. Counting from the power-
house, this pressure was the result of four transformations;
namely, from the generator at 2200 volts to 36 000 volts at
Electra; from 36 000 to 6000 volts at Redwood sub-station, and
also a phase transformation from three-phase to two-phase;
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from 6000 volts to 2300 at Stanford power-house; and from
2300 volts to 90 volts in the transformer from which readings
were taken. The original curve taken at 7 15 p. m. is repro-
duced in Fig. 9. This curve was enlarged photographically, so

that the length of one cycle was 27r inches when its equation
was found to be

y = 1.718 sin (O-0° 20') +0.063 sin (30+1770 31')
+0.138 sin (50 - 290 15') +0.028 (70 - 900) + 0.001 sin
(90 - 900)
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The positive and negative halves of the wave are not quite the
same, due probably to a slight pumping of the sylnchronous
motor operating tht; vibrating mirror. The above equation
represents two half-waves similar to the positive half-wave. It
will be noticed that the 12 30 wave approaches sine-wave form.
On Thursday December 31st 1903, the waves represented

in Fig. 2 were taken at San Jose. The pressure coil of the in-
strument was placed across the 2300-volt mains through lamps
in series, and the current coil was shunted across a non-inductive
resistance placed inside the A. The distortion first appeared
at 4 36, when the lighting load began to come on, the day being
dark and rainy. This curve together with ont taken at 7 28
are reproduced in Figs. 10 and 11. The wave taken at 7 28
was enlarged so that one wave length was 2ir inches in length,
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and analyzed graphically, for the first three harmonics. The
equation is as follows:

y 2.89 sin (0 - 17') + .0283 sin (30 + 560 58')
+ 0.22 sin (50 + 180" 6')

The small motor operating the mirror pumped badly. The
above equation shows a 9.7% third harmonic and a 7.6% fifth
harmonic. Since synchronous-motor load predominated, the
current leads by a small angle.
On Saturday January 16th 1904, the curves shown in Fig. 1

were taken at Electra. The connections were the same as those
at San Jose, the electromotive force being taken across the 2300-
volt mains and the current being shunted across a non-inductive
resistance inside the A. The pressure waves show little varia-
tion throughout the night. From 2 45 p. m. until 12 00 mid-
night two generators were in parallel. At 2 10 p. m. and at
2 00 a. m. are shown the wave forms of a single generator.
The original curves taken at 2 10 p. m. when the load was light,
and at 7 41 p. m. when the peak occurred, are shown in Figs.
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12 and 13. Large leading current is showln in both. The aver-
age output at the peak is 3700-kw., the line current 1150
amperes and the pressure 2280 volts. The power-factorby switch-
board instruments would therefore be 80%1,, indicating a lead of
37 degrees. The curve, Fig. 13, shows greater lead than this.
The calculated charging current for the Bay Circuit is about
30.3 amperes on the assumption of a sine wave with a corre-
sponding generator current of 500 amperes. The line current
at 2 10 p. m. was 550 amperes. The power-factors figured from
the curves and fromn instrument readings do not agree. The
curves show a gradual change in lead angle from 2 10 to 7 41
while the wattmeters indicate only a small change in power-
factor. The wattmeters probably do not indicate correctly on
the very large leading current.

In Fig. 14 are shown the waves of electromotive force and
current supplying the mining circuits at 17 000 volts, the lagging
induction-motor load neutralizing the charging current.

TOP TOP
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The curves reproduced in Fig. 4 were taken at the San Fran-
cisco sub-station on Feb. 6th. The transformers, as before
stated, are here Y-connected to the 4000-volit mains of the San
Francisco Gas and Electric Company. The pressure coil was
connected between the neutral and one line, the current coil
being shunted across a non-inductive resistance as in the pre-
cedirng cases. The original curve reproduced in Fig. 15 was
taken at 7 40 p. m. The last wave taken at 1 30 is seen to be
practically the generator wave as shown at 2 10, Fig. 1. Al-
though these observations were not taken simultaneously, load
conditions were probably nearly the same for all of the four sets.
The load curves also were much the same as those plotted for
Jan. 16th.

Figs. 2 and 4 are seen to be similar. Had a fourth set been
taken at Redwood from the three-phase circuit, it would have
been probably similar to 2 and 4. Pressures corresponding to
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the waves as given in Figs. 1, 2, 3, and 4 are given in the following
table:

Electra. San Jose. Stanford. San Francisco.
2200 2200 98 2500
2200 2240 96 2500
2200 2240 103 2500
2200 2220 95 250(0
2200 2220 92.5 2500
2200 2300 90 2520
2200 2340 88.5 2600'
2300 2300 89 2600
2300 2300 89 2600
2300 2300 89 2600
2300 2320 90.5 2600
2280 2340 90 2590
2280 2320 95 2500
2280 2300 96 2500
2280 2220 94 2500
2280
2280
2280
2200
2200
2200

While taking observations at San Jose, there was considerable
pulsation on the line, especially at 6 38, due to the generators
of the San Francisco Gas and Electric Co. which were operating
in parallel. The effect as observed on the ground-glass screen
of the instrument was a see-sawing of the two peaks of the
wave: when the amplitude of one increased, that of the other
diminished, and the reverse. This phenomenon suggested that
perllaps the distortion was entirely due to the influence of the
San Francisco generators This assumption is, however, not
borne out by Fig. 16 taken at San Francisco with the generators
disconnected. The wave form of the San Francisco generators
is shown in Fig. 17. A moving film attachment to the instru-
ment would give much valuable informnation on surging caused
by switching, short circuits, or pulsations due to any cause.
The effect of the variable wave form in low-tension circuits

as shown in Fig. 3 on the accuracy of an induction meter was
investigated and found to be negligible. It is, however, prob-
able that the accuracy would be considerably affected on wave
f-orms like those shown in Figs. 2 and 4, depending on the ampli-
tude and phase relations of the harmonics.
The variation of the core losses has not yet been determined.

The ratio of maximum to virtual irn curve 7 28, San Jose, is 1.4,
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and the ratio in curve taken at 11 p. m. is 1.55, indicating a 10%g
variation and therefore, an inverse variation in core loss. Maxi-
mum pressures as derived either from spark determination or
from transformer ratio may also be considerably in error.

There is reason to believe that greater variations occur on.
long lines which are more fully loaded. The large wattless cur-
rents sometinmes observed in synchronous motors and synchron-
ous converters with fields adjusted for minimum current are
probably due to wave-form differences. These together with
pulsation difficulties could be satisfactorily observed with a
moving-film oscillograph.
Where so many disturbing elements are present it is difficult

to select the predomniating cause of distortion. Doubtless it is
due to the influence of synchronous motors of dissimilar wave
form, to alternators of dissimilar wave form, and largely to the

TOP TOP TOP
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pulsation of reactance. Mr. Pikler* has shown that whien a
generator gives sine wave form, variation of resistance inter-
p(csed between generator and transformer, the latter working on
normal voltage, produces distortion of wave form in the trans-
former secondary. Similarly figures 1, 2, 4 and 6, show that
with sine wave form at the generator, distortion in the 2300-
volt secondary varies with the line drop.
The following summary of conclusions is suggested for con-

sideration:
1. Advisability of substituting induction motors for syn-

chronous motors on lines with large charging current, and the
use of the latter as synchronous compensators properly dis-
tributed.

2. The impossibility of designing machines to suit all wave
forms.

3. The oscillograph offers the best means of studying varia-
tions in wave form, amplitude factor, surgings, pumping, etc.

* See Elec. World, Aug. 8, 1903.
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4. The best form of oscillograph for this work is the moving-
-film or falling-plate type, without the synchronous motor attach-
ment. It should be insulated for use on high pressures, and
fitted with non-inductive metallic resistances.

5. The variation in amplitude factor in a long line may be
considerable.

6. Core-loss variation may also be considerable.
7. The charging current may differ from that calculated on

the assumption of a sine law.
8. Assumption of sine-wave form on long lines and applied

to insulator and insulation testing may lead to error.
9. Variation of wave form partly due to distorting effect of

hysteresis loop under different conditions of load.
The writer wishes to acknowledge the courtesy of Professor

J. N. LeConte in allowing the use of his harmonic analyser, and
-for valuable assistance in its use. The writer also wishes to
;acknowledge the assistance of Mr. Joseph Mini, Jr., whose ex-
perience in high-pressure work rendered his services particularly
efficient..
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APPENDIX.

In an article by the writer on Wave Form Variations,
the prediction was made that the core losses in apparatus op-
erated from the lines of the Standard System would vary 10%
under normal conditions of operation due to change in form
factor of the electromotive force wave.
To verify this statement the following tests were made,

June 17, 1904, on a 300-kw. Stanley transformer. Pressure
from thE. standard line was applied at 2300 volts to the trans-
former through an induction regulator, by means of which the
pressure was maintained constant. The core loss was meas-
ured by means of a Weston wattmeter supplied with a non-
inductive multiplier. The speed of a synchronous motor run-
ning liglht was used to determine any variation of the frequency.
Pressure was applied to the transformer 24 hours before taking
observations, water being allowed to flow through the cooling
coils until temperature conditions were constant.
The following readings were taken:

Time Volts Speed Temp. fahr. Kilowatts
9 00 2300 518 94 5.92
9 35 2300 519 94 5.92
10 05 2300 518 94 5.92
10 35 2300 520 94 5.72
11 00 2300 519 94 5.72
11 30 2300 519 94 5.92
11 55 2300 520 95 6.02
12 55 2300 518 96 6.12
1 25 2300 520 96 5.92
1 55 2300 520 96 6.12
2 25 2300 519 97 6.12
3 00 2300 520 97 6.12
3 30 2300 518 98 6.12
4 00 2300 519 98 6.12
4 30 2300 519 98 6.32
4 55 2300 519 98 6.12
5 30 2300 520 98 6.12
6 05 2300 520 98 6.12
6 30 2300 520 98 6.12
7 00 2300 520 98 6.12
7 30 2300 520 98 6.12
8 00 2300 520 98 6.02
8 30 2300 520 98 5.92
9 00 2300 520 99 5.92
9 30 2300 520 102 6.00

10 00 2300 520 100 6.02
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APPEND IX.

Time Volts Speed Temp. fahr. Kilowatts
10 30 2300 520 100 5.92
11 00 2300 520 99 5.96
11 30 2300 520 100 5.94
1 00 2300 520 98 5.9
2 00 2300 515 96 5.82
3 00 2300 518 94 5.9
4 00 2300 519 94 5.72
5 00 2300 519 93 5.72
6 00 2300 519 92 5.82
6 30 2300 518 92 5.9
7 00 2300 519 94 5.87
7 30 2300 520 94 5.9
8 00 2300 520 94 5.92
8 30 2300 519 93 5.92
9 00 2300 520 93 5.72

The results show a total variation in core loss of 10% of the
mean value. If correction is made for the variation of tem.
perature on the assumption of S8o variation in core lcss for
400 fahr. variation in temperature, the variation due to variable
wave form is increased to 10.8%o. The variation in speed is
insignificant.

[For discussion on this paper, see page 469.]


